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Available online ▪ ▪ ▪AbstractIn order to operate various constrained mechanisms with assistive robot manipulators, an interactive control algorithm is proposed in this
paper. This method decouples motion and force control in the constrained frame, and modifies the motion velocity online. Firstly, the constrained
frame is determined online according to previous motion direction; then the selection matrix is adjusted dynamically, the constrained motion
direction is chosen as the driving-axis. Consequently, the driving-axis and non-driving-axis are decoupled; finally, velocity control and
impedance control are implied on above axes respectively. The selecting threshold for driving-axis is also varying dynamically to fit different
constrained mechanism. Door-opening experiments are conducted to verify the performance of the proposed method.
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The application field of the assistive robot is getting
increasingly wide, and the interactions between assistive robot
manipulators and the environment, such as opening the door,
pulling a drawer, serving the tea, is becoming more and more
closely [1e3]. There are various constrained mechanisms in the
interactive environment. In the situationswhere task descriptions
of each constrained mechanism are not necessary, manipulators
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complicated. For instance, opening the door, which involves a
series of problems such as positioning, trajectory planning, and
tracking, is a typical problem of the unknown constrained
mechanism operation. Most of the traditional opening-door
operation needs to model the door first to plan a trajectory,
which does not provide the universal solution because different
tasks need different task descriptions. For example, Nagatani
modeled the door and presented a detailed analysis of the path
planning to open the door [4,5]; Peterson used the smallest-
model analysis to predict the parameters but the success rate
of opening the door is 90% [6]; Pujas proposed a force-position
hybrid control method, but the inaccurate task description
model might result in positioning errors [7]; Petrovskaya
adopted the laser-scanning modeling based particle filter
method which also suffered from the defects of inaccuracy [8].
There are also model-free methods. Schmid installed multi-
point haptic sensors on the hand claw and force/torque sensors
on the wrist to open the door operation, but this kind of method
increased the complexity of the controller [9]; Lutscher pro-
posed to operate the unknown constrainedmechanisms based onisms operation based on dynamic interactive control, CAAI Transactions on
d hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
Fig. 1. The system model.
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by impedance control to achieve two-dimensional plane oper-
ation [10]; On the basis of [10], we put forward a operation
method based on impedance control and the motion prediction.
By fitting the historical trajectory to estimate motionmodel, and
then adjusting the orientation and amplitude of the guiding
speed, the operating efficiency is improved [11]; Furthermore,
we put forward the dynamic hybrid complaint control method
[12] that online chooses traction axis and estimates constraint
coordinate system.Besides, the operating space is not limited by
the two-dimensional plane. However, because the threshold of
the traction axis selection is fixed, this method cannot manip-
ulate constrained mechanisms with different resistance.
This paper proposed a dynamic interacting control based
method, which developed from the force/position hybrid
control [13] that introduces dynamic selection matrix to
dynamically choose the direction of the force and speed
control. Besides, this method does not require a detailed task
description. The constrained motion direction is chosen as the
driving axis, and other axes as the non-driving axis. The
speed-control method is adopted on the driving axis to produce
active-traction effect, while the force-control method is used
on the non-driving axis to adjust the position and posture of
manipulator passively. Selection of the driving axis is the key
point of this method. Under the precondition of the unknown
constrained mechanisms moving direction, the driving axis
can be selected randomly to test the moving direction of the
constrained mechanisms. By selecting matrix criterion, the
driving axis can be adjusted dynamically until the constrained
mechanisms began to move. Then according to the moving
direction of the constrained mechanisms, the dynamic
constraint coordinate system can be dynamically estimated.
And the decoupling of the driving axis and non-driving axis
can be accomplished through the dynamic selection matrix.
Through the dynamic adjustment, choose suitable driving axis
is chosen to manipulate the unknown constrained mechanisms.
Impedance control method is adopted on the non-driving axis,
because the manipulators are moving follow the constrained
mechanisms, which resulting in the position errors and the
force errors. So force control alone cannot tracking the posi-
tion errors of the manipulators in time. Impedance control
does not directly control the desired force and position, but
achieves the complaint function by controlling the dynamic
relationship between position and force, which is suitable for
the non-driving axis control method in this paper.
2. Controller design
This paper takes the door-opening task as an instance to
introduce the dynamic interaction control based method to
manipulate the on of the limited operationmethod tomanipulate
the unknown constrained mechanisms. It is assumed that the
position and orientation of the door and the position of the door's
axis are unknown. For simplicity, it is assumed that the end
effector has grasped the doorknob as shown in Fig. 1. As shown
in the figure, the robot's base frame is denoted as
P
b, the end-
effector frame is denoted as
P
e, and the constrained frame isPlease cite this article in press as: H. Wang, et al., Unknown constrained mechan
Intelligence Technology (2016), http://dx.doi.org/10.1016/j.trit.2016.10.004denoted as
P
c. The origins of
P
c and
P
e are of coincidence,
which are both the doorknob denoted by pc with respect to
P
b.2.1. Control system designThe block diagram of the control system is shown in Fig. 2.
The system can be mainly divided into operating space velocity
controller and the angular velocity controller. The outputs of the
linear velocity controller and the angular velocity controller are
add together to produce the control velocity, after that it will be
transferred to the joint space through the differential inverse
kinematics. The linear velocity controller adopts the dynamic
interactive control method and the angular velocity controller
adopts the moment-following control method.
Under
P
c, assume that _p
c is the current linear velocity, _pcd is
the desired linear velocity,u is the control angular velocity,u is
the linear velocity of the end effector, yi is the driving linear
velocity, f cd is the desired control force, t
c
d is the desired control
torque, _p is the control velocity of the end effector. RceðveÞ is the
rotation matrix from the end-effector frame to the constrained
frame, ve¼ (vx,vy,vz) is the end effector's velocity with respect to
the end-effector frame, S is the selection matrix. The force and
torque measured under
P
e by the six-dimension force/torque
sensor are transferred to the constrained frame
P
c and denoted
as hc, including force f c and torque tc.
As shown in the Fig. 2, RceðveÞ and S are changed dynam-
ically. The former selects the dynamic constrained frame and
the latter selects the driving axis, which will described in
Section 2.2. Because the constrained mechanism is unknown,
_pcd is unknown. In the k th control period, define the desired
velocity of the k þ 1 th control period as:
_pcdðkþ 1Þ ¼ _pcðkÞ ð1Þ
The control steps are as follows:
1) Give an arbitrary initial speed to the end effector to test the
movement;
2) According to the moving direction of the constrained
mechanisms, the constrained frame and the selection ma-
trix are dynamically chosen;isms operation based on dynamic interactive control, CAAI Transactions on
Fig. 2. Block diagram of the control system.
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matrix, and decouple the driving axis and the non-driving
axis, then apply a constant driving velocity on the driving
axis while apply the impedance control on the non-driving
axis to adjust the manipulator's position and orientation;
4) Repeat from step 2).2.2. Linear velocity controllerBecause the model of the constrained mechanism is un-
known, the desired trajectory of the manipulator cannot be
defined in advance. If the general force/position hybrid control
method is adopted, a detailed task description is necessary
[13]. In order to avoid the task description and improve the
applicability of the operation, this paper proposes a dynamic
interactive control based operating method that online esti-
mates the operating direction.
The core idea of this article includes the online estimation
of the dynamic constrained frame, the determination of the
dynamic selection matrix and the design of the velocity
controller. The dynamic constrained frame and the dynamic
selection matrix are used to determine the driving axis and the
non-driving axis.
2.2.1. Online regulation of the constrained frame
As shown in Fig. 3, the arc is the constrained trajectory of
the constrained mechanism.
P
e is the end effector frame,
P
c
is the constrained frame. The origins of
P
c and
P
e are of
coincidence, which are both the doorknob denoted by pc with
respect to
P
b.
P
e is known, while
P
c is unknown.
During the movement of the constrained mechanism, the
actual moving direction is the same with the constrained
moving direction. According to this, the constrained moving
direction is chosen as the driving axis to make the constrained
mechanism moving along the correct direction. The drivingPlease cite this article in press as: H. Wang, et al., Unknown constrained mechan
Intelligence Technology (2016), http://dx.doi.org/10.1016/j.trit.2016.10.004axis is chosen under the constrained frame, therefore the
estimation of the constrained frame is particularly important.
The constrained frame at time k þ 1 is estimated according
to the constrained moving directions at time k-1 and time k.
As shown in Fig. 3, the z axis of the constrained frame is
parallel with the tangent of the constrained trajectory because
the tangent direction is the constrained moving direction.
Under
P
c, determine the z axis as the driving axis through the
selection matrix S, which will be introduced later. Under
P
e,
the end effector velocity at time k is ve ¼ (vx,vy,vz), and the
constrained direction is,
dk ¼
0
B@ vxkﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
v2xk þ v2yk þ v2zk
q vykﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
v2xk þ v2yk þ v2zk
q vykﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
v2xk þ v2yk þ v2zk
q
1
CA
The constrained moving direction dk is the unit vector of
the Z axis with respect to
P
e. Similarly, the direction of time
k-1 is represented by a unit vector dk-1. During the two adja-
cent control period, the end effector is moving in the same
plane. Thus the X axis of the constrained frame is perpen-
dicular with the plane defined by dk and dk-1. And the unit
vector of the X axis with respect to the end effector is:
dxk ¼ dk1  dkkdk1  dkk
According to the right-hand rule, the Y axis of the con-
strained frame can be determined. Then the end rotation ma-
trix Rce between the end effector frame and the constrained
frame can be calculated.
2.2.2. Dynamic estimation of the selection matrix
This paper adopts a force/position hybrid control method to
manipulate the constrained mechanism. During this process,
use the dynamic selection matrix S to decouple the velocityisms operation based on dynamic interactive control, CAAI Transactions on
Fig. 3. The coordinate frames of end-effector and the constrained frame.
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which is used to determine the control mode in each subspace.
The elements ± 1 represent that the axis is chosen as the
driving axis, and the sign stands for positive/negative direc-
tion. And the element 0 represents that the axis is chosen as
the non-driving axis. In the direction selected by S, the current
velocity _pc should track the desired velocity _pcd. And in the
direction selected by IeS, the measured force f c should track
the desired force f cd . In this paper, the selection matrix S is a
diagonal matrix with the dimension of 3, which can be
designed as:
S¼
2
4S1 S2
S3
3
5 ð2Þ
Its elements dynamically changes according to the force
and position situation, and an arbitrary direction can be chosen
as the initial direction of the driving axis. As long as the
driving speed is applied on the axis direction with reasonable
force and is capable of driving the constrained mechanism, theFig. 4. The exper
Please cite this article in press as: H. Wang, et al., Unknown constrained mechan
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Thus the amplitude of force and the position error are regarded
as judgments of the S generator:
S1 ¼
8><
>:
0
1
1
ðSi ¼ ±1; is1Þ
f cx <g;andkDpck>0
and Si ¼ 0; is1Þ
f cx >g;andkDpck>0
and Si ¼ 0; is1Þ
S2 ¼
8><
>:
0
1
1
ðSi ¼ ±1; is2Þ
f cy <g;andkDpck>0
and Si ¼ 0; is2Þ
f cy >g;andkDpck>0
and Si ¼ 0; is2Þ
S3 ¼
8>><
>:
0
1
1
ðSi ¼ ±1; is3Þ
f cz <g;andkDpck>0
and Si ¼ 0; is3Þ
f cz >g;andkDpck>0
and Si ¼ 0; is3Þ
ð3Þiment setup.
isms operation based on dynamic interactive control, CAAI Transactions on
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of the position error. These 3 judgments work in a cycle. At
each time, only one axis is chosen as the driving axis. When the
force on the driving axis becomes greater than the threshold or
when the change of position along this direction is rather small,
the element 1 in the matrix S should be replaced by 1; If the
force and position error in the opposite direction fail to meet
the requirements, then it is assume that this driving axis is not
correct and other direction should be chosen. In this paper, the
selection of the driving axis follows the x-y-z-x…cycle.
On the basis of [12], this paper adds a dynamic law to
choose the threshold value g to make the manipulator adapt to
the constrained mechanisms with different resistance.
Different constrained mechanisms have different operation
resistance, a fixed threshold can only operate the constrained
mechanisms whose resistance is within some threshold span,
and cannot adapt to the mechanism with bigger resistance.
While the dynamic threshold selecting law selects the
threshold according to the number of judging cycles to
dynamically adjust the value:
g¼ g0 þ

S1 fx þ S2 fy þ S3 fz

$L ð4ÞFig. 5. Process of the au
Table 1
Comparison of experiments.
No. Operation target Motion Type Algorithm selec
Exp. I door A Circular motion Impedance control [11] Fixe
Exp. II door A Circular motion Dynamic Interactive Control Fixe
Exp. III door A Circular motion Dynamic Interactive Control Fixe
Exp. IV door B Circular motion Dynamic Interactive Control Dya
Exp. V drawer Linear motion Dynamic Interactive Control Dya
Please cite this article in press as: H. Wang, et al., Unknown constrained mechan
Intelligence Technology (2016), http://dx.doi.org/10.1016/j.trit.2016.10.004Where g0 is the initial selecting value; [] is the integer notation
that is used for get the integral value of the force on the driving
axis; Only one of S1,S2,S3 is zero in the door-opening process
to make sure that S1$fx þ S2$fy þ S3$fz is the force on the
driving axis; L is the period of the judging cycle.
2.2.3. Controller design
After determining the constrained frame and the dynamic
selection matrix, the velocity controller needs to be designed.
Operate velocity control on the driving axis to give the axis a
constant driving speed yi; Operate impedance control on the
non-driving axis to adjust the force error and position error on
the axis.
Impedance control is an active complaint control method
with the mass-spring character, which can relate force and
position. This paper only considers the relationship of force
errors and position errors on the non-driving axis. Under
P
c,
the translational mechanical impedance relationship between
the position error on the non-driving axis Dpc ¼ pc  pcd and
the force error on the non-driving force Df c ¼ f c  f cd can be
represents as follows [14]:tonomous operation.
tion threshold g Intial Velocity Driving Axis Dynamic Velocity
d (0,vsin(p/4),vcos(p/4)) X No
d (0,vsin(p/4),vcos(p/4)) X No
d (0,vsin(p/4),vcos(p/4)) X Yes
nmic (0,vsin(p/4),vcos(p/4)) X Yes
nmic (0,vsin(p/4),vcos(p/4)) X Yes
isms operation based on dynamic interactive control, CAAI Transactions on
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Where M;D;K are 3  3 matrix that represents the inertia
matrix, damping matrix and stiffness matrix respectively. On
the non-driving axis, the input force Df c can result in position
changes, which in turn will lead to the decrease of the force
Df c. Dpc can be calculated by (5). According to [14], we have:
pcðkÞ ¼ pcdðkÞ þDpcðkÞ ð6Þ
Calculate the derivation of both side of (6), and according
to (1), we have:
_pcðkÞ ¼ _pcðk 1Þ þD _pcðkÞ
Using the dynamic rotation matrix Rce of the constrained
frame determined before, the control velocity under
P
c can be
calculated as:
y0 ¼ S$yi þ ðI SÞ$ _pc
Because the speed is constant, relatively large force error
might occur at the beginning of the test of the operating di-
rection and the test time is relatively long. In order to
decreasing the force error and speeding up the test, a speed-
change controller is proposed to dynamically adjust the
speed according to the change of the force on the driving axis
during the door-open process [11]:
y¼ V$ y
0
ky0k ð7ÞFig. 6. Force response
Please cite this article in press as: H. Wang, et al., Unknown constrained mechan
Intelligence Technology (2016), http://dx.doi.org/10.1016/j.trit.2016.10.004Where V is the desired speed that can be calculated as:
V ¼ Vmax$eεjS1 fxþS2 fyþS3 fzj
Where Vmax is the threshold of V, which is adjustable; The gain
coefficient ε is positive and used to control the speed of V's
variation; Only one of S1,S2,S3 is zero in the door-opening
process to make sure that V changes follow the change of
the force on the driving axis.2.3. Angular velocity controllerAngular velocity controller uses impedance control of po-
sition and orientation to determine the angular velocity of the
end effector to adjust its position and orientation. Under the
constrained frame, the relationship between the end effector's
angular velocity u and torque tc is as follows:
tc ¼Mrot$ _uþDrot$u ð8Þ
Where Mrot'Drot are 3  3 matrix that represents the inertia
matrix, damping matrix in the impedance control respectively.
The end effector's angular velocity u can be calculated
through (8).
According to (7) and (8), the control velocity can be
obtained:
_p¼

y
u
curve of Exp. I.
isms operation based on dynamic interactive control, CAAI Transactions on
Fig. 7. Torque response curve of Exp. I.
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nipulators by the inverse differential kinematics.
3. Experiments and analysis3.1. Experimental systemsTo verify the effectiveness of the proposed method, a series
of experiments on operating constrained mechanism are con-
ducted. The experimental system is shown in Fig. 4. In this
study, a 6-DOF robot manipulator [11,15] developed by
autonomous laboratory of Shanghai Jiao Tong University. A 1
DOF gripper is equipped. Forces and moments are obtained
through the six-axis force/torque sensor of ATI's Mini45
mounted on the wrist of the manipulator. An Inter Core 2
computer with windows operating system is adopted as the
main controller. The main control cycle is 20 ms.3.2. Experimental systemsFive experiments have been conducted in this paper. A
traditional Impedance control method [11] is adopted in
Experiment I. Experiment II, III, IV and V are based on the
dynamic interactive control method proposed in this paper. A
dynamic velocity method is involved in Experiment III, Iv and
V. The operation target of Experiment I, II and III is door A.
The selection threshold is estimated dynamically to operatePlease cite this article in press as: H. Wang, et al., Unknown constrained mechan
Intelligence Technology (2016), http://dx.doi.org/10.1016/j.trit.2016.10.004door B in Experiment IV and to operate drawer in Experiment
V. The Process of the autonomous operation are shown in
Fig. 5, Table 1 lists the experimental contrast details.
In Experiment I and II, y is equal to 10 mm/s. In Experi-
ment II and III, the selection threshold is set as g¼1.5N based
on experience. In Experiment III, IV and V, dynamic velocity
method is adopted with Vmax ¼ 15 mm/s, ε¼2.0. The selection
threshold is estimated dynamically in Experiment IV with
g0 ¼ 1.5 N, The initial value of L is 0. In these experiments,
the coordinate frame of the end-effector and the door are
parallel to each other. The initial speed are (0,ysinq,ycosq) inP
c, q¼p/4. The initial driving axis is the X axis.
Assume the motion speed of the arm during door opening is
not big. The effects of M and D in the impedance control are
ignored and only K item is considered, whose diagonal ele-
ments are set to 4.0 N/mm. The effects of Mrot in attitude
impedance control is also negligible. The attitude of the
doorknob need by followed by the end-effector of the arm
real-time, Krot is set to zero. Only the item Drot is left, all the
diagonal elements are set as 1.9 Nms/rad.
In these experiments, all operation tasks have been suc-
cessfully completed by the robot arm. These response contact
forces and moments of the end-effector are shown in Figs.
6e14. Detail analysis are discussed as follows.
The effectiveness of the proposed dynamic interactive
control algorithm and the influence of dynamic dajustment of
the velocity are demonstrated in Experiment I, II and III.isms operation based on dynamic interactive control, CAAI Transactions on
Fig. 8. Force response curve of Exp. II.
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should be noted that the average acting force in Experment I,
II and III are almost the same. While the mean absolute de-
viations of Experiment I are bigger than that of Experiment II
and III, especially the value on the Y-axis direction is twice
bigger. In terms of torque, as shown in Figs. 7, 9 and 11, the
mean value of Experiment I is about 10 times of the value of
Experiment II and III. Experiment. A major drawback of
Experiment I is that the force tendency can not be controlled.
As shown in Fig. 6, the force in the X axis start to climb after
9 s. As it can be seen from the figure, Experiment III enter a
stable state within 1 s. The response is quick, the force control
is smooth and the operation is fast.
As shown in Fig. 8, in Experiment II, the solid line repre-
sents selection matrix S, the value represents the selected
driving axis. It can be seen that S changed five times during
the experiment. The initial driving axis is the X axis, which
has a deviation of 45 with the door opening direction. Y axis
is selected as the driving axis when the force on the X-axis
exceeds the threshold at time①. The driving axis is converted
to Z-axis when the force acting on Y-axis exceeds the
threshold too at time ②. Since derivation of the driving axis
and the door opening direction in the first two circles is
relatively large, resulting in a relatively large force error, the
forces acting on the X, Y-axis were not adjusted to within the
threshold when Z-axis is driving axis, which leading to the Z
axis force is not stable in the threshold range and graduallyPlease cite this article in press as: H. Wang, et al., Unknown constrained mechan
Intelligence Technology (2016), http://dx.doi.org/10.1016/j.trit.2016.10.004exceed the threshold. X-axis become the driving axis again at
time ③, and after another round of adjustment, Z-axis is
seleted at time ⑤ and finally stabilized. It can be seen from
Fig. 8, the proposed method can reduce the force to within the
threshold, and make it stable.
As shown in Fig. 8, in Experiment II, the solid line repre-
sents selection matrix S, the value represents the selected
driving axis. It can be seen that S changed five times during
the experiment. The initial driving axis is the X axis, which
has a deviation of 45 with the door opening direction. Y axis
is selected as the driving axis when the force on the X-axis
exceeds the threshold at time①. The driving axis is converted
to Z-axis when the force acting on Y-axis exceeds the
threshold too at time ②. Since derivation of the driving axis
and the door opening direction in the first two circles is
relatively large, resulting in a relatively large force error, the
forces acting on the X, Y-axis were not adjusted to within the
threshold when Z-axis is driving axis, which leading to the Z
axis force is not stable in the threshold range and gradually
exceed the threshold. X-axis become the driving axis again at
time ③, and after another round of adjustment, Z-axis is
seleted at time ⑤ and finally stabilized. It can be seen from
Figs. 8 and 9, the proposed method can reduce the force to
within the threshold, and make it stable.
Based on Experiment II, linear velocity of the end-effector
is regulated in Experiment III. As shown in Figs. 10 and 11,
the driving axis enter a stable state at time ②, only after oneisms operation based on dynamic interactive control, CAAI Transactions on
Fig. 10. Force response curve of Exp. III.
Fig. 9. Torque response curve of Exp. II.
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Fig. 11. Torque response curve of Exp. III.
10 H. Wang et al. / CAAI Transactions on Intelligence Technology xx (2016) 1e13
+ MODELselection period. The operation time for door open is shorter.
The amplitude of linear velocity will change according to the
variation of driving force dynamically. It will increase if the
force decreases and it will decrease if the force increases, as
shown in Fig. 12. When the deviation of the driving axis and
the opening direction is not big, the force is relatively small,
and the linear velocity is relatively large. It is possible to find
the open direction faster because it will reduce the influence of
the speed when adjusting the driving axis; When the deviation
of the driving axis and the opening direction is big, the force is
relatively big and the linear velocity is relatively small. It will
be more smooth when adjusting driving axis. After entering
the steady state, the amplitude of linear velocity increases to
about 14 mm/s, and the door opening operation can be
completed more quickly. The opening time in Experiment III
is about 10 s, while they are about 17 s for Experiment I and
Experiment II. As demonstrate in Experimental III, this
method could reduce the overall time for door opening and
improve the operation efficiency.
To verify the operation suitability of this method to
different constrained mechanisms, experiment four and five
experiments IV and V are conducted. The operation target of
experiments IV is the door B. Dynamic resistance selection
threshold g is adopted here. The force response curve is shown
in Fig. 13. As shown in Fig. 13, the selection matrix runs two
cycles, the selection threshold was changed to 3N at time ①,Please cite this article in press as: H. Wang, et al., Unknown constrained mechan
Intelligence Technology (2016), http://dx.doi.org/10.1016/j.trit.2016.10.004so that the robot arm was adapted to the new unknown con-
strained mechanism. There is a peak force on Z-axis at time
3.5 s. this peak is considered as normal since it is within the
threshold range. Eventually, the robot arm is able to operate
door B continuously.
The operation target of Experiment V is a drawer, as shown
in Fig. 5. The force response curve is plot in Fig. 14. Z axis is
selected as the driving axis by selection matrix after one se-
lection period, and the door opening task is successful
completed. The suitability of this method to differenct con-
strained mechanisms is verified.
4. Conclusion
This paper proposed a Dynamic Interactive Control
method to operate unknown constrained mechanisms. This
method complete the task without the knowledge of the
modeling of constrained mechanisms. In operation, on the
one hand, the constraint coordinates will be estimated
dynamically based on past speed directions, and the selection
matrix will be adjusted online to decouple speed control and
force control. On the other hand, in order to enhance the
adaptability and interactivity of the operation task, the
operating resistance and speed will be adjusted dynamically.
Finally, the effectiveness and suitability have been verifed by
experiments on constrained mechanism with differentisms operation based on dynamic interactive control, CAAI Transactions on
Fig. 12. The amplitude curve of velocity of Exp. III.
Fig. 13. Force response curve of Exp. IV.
11H. Wang et al. / CAAI Transactions on Intelligence Technology xx (2016) 1e13
+ MODEL
Please cite this article in press as: H. Wang, et al., Unknown constrained mechanisms operation based on dynamic interactive control, CAAI Transactions on
Intelligence Technology (2016), http://dx.doi.org/10.1016/j.trit.2016.10.004
Fig. 14. Force response curve of Exp. V.
Table 2
The mean forces and their mean absolute deviations of Exp. I to Exp. III.
X axis Y axis Z axis
Exp. I 0.0029 0.2350 0.4649
0.1677 0.3242 0.1660
Exp. II 0.1799 0.7427 0.5247
0.1586 0.1495 0.0879
Exp. III 0.0532 0.4051 0.6275
0.1136 0.1660 0.1220
Table 3
The mean torques and their mean absolute deviations of Exp. I to Exp. III.
X axis Y axis Z axis
Exp. I 0.0243 0.0619 0.0844
0.0314 0.0372 0.0460
Exp. II 0.0437 0.0070 0.0008
0.0098 0.0138 0.0088
Exp. III 0.0201 0.0016 0.0016
0.0130 0.0101 0.0071
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+ MODELmotion directions and resistance values. Currently, this
method can only be applied to mechanism with only a single
degree of freedom constrained motion. Future work will
focus on how to extend this method to multi degree of
freedom motion.Please cite this article in press as: H. Wang, et al., Unknown constrained mechan
Intelligence Technology (2016), http://dx.doi.org/10.1016/j.trit.2016.10.004References
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